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Abstract 
In this paper a method for the modeling of flexible perforated plates by continuous ones is presented using the example of an 
accelerometer. This model order reduction (MOR) by effective material properties enables the accurate simulation of out-of-
plane modes needed for drop tests e.g. based on the system level design tool MEMS+ library building blocks. 
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1. Introduction 
A commonly used technology for the processing of inertial sensors is based on SOI wafers. Inertial sensors 
processed on SOI technology show the characteristic release-etch perforation of movable masses to release the 
device layer by dry etching from the handle layer. The modeling of such flexible perforated structures requires in 
case of standard FE programs like ANSYS a huge amount of finite elements leading often to unmanageable memory 
demands and long simulation times. Furthermore, an accurate modeling of flexible perforated plates is not yet 
available in library based system level design tools such as MEMS+. System level model relies either on the 
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assumption of rigid perforated plates or flexible plates without perforation. Both assumptions have proven to be 
inadequate to more large thin plates. 
In [1,2] the replacement of circular perforated structures by continuous ones of the same overall dimensions with 
similar load-displacement characteristics is described. The perforated structure is subdivided into representative unit 
cells. A similar load-displacement characteristic of a continuous unit cell by comparison to the perforated one is 
obtained by the introduction of effective material parameters (density and compliance respectively stiffness matrix). 
2. Modeling approach 
A MOR by effective material properties is done for the mechanical simulation of a 100g accelerometer (Fig. 1). 
Structures with periodic elements like the perforated mass and the comb structures are replaced by rectangles 
respectively cuboids with effective material properties.  
a b 
Fig. 1: Quarter model of the accelerometer (a) before ROM; (b) after ROM 
The perforated mass has a perforation width of 4µm.  Due to an edge width of also 4µm two different unit cell 
types can be introduced – one unit cell including the edge (type 1) and one without edge (type 2).  
a b 
c  
Fig. 2:( a) Effective Young’s Modulus versus number of UC; (b) 2x2 UC matrix type 1;( c) 2x2 UC matrix type 2 
Fig. 2a shows the influence of unit cell numbers towards the effective Young’s Modulus in lateral direction. The 
Young’s Modulus of the type 2 unit cell plotted as reference value is per definition constant, the edge including unit 
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cell type 1 shows the expected reciprocally proportional behavior at increasing unit cell number respectively inertial 
sensor dimension. With respect to calculation time efficiency unit cell type 2 without edge is selected for the 
replacement of the perforated structures. Hence the unit cell is independent of inertial sensor dimensions, and the 
perforated mass is replaced by a polygon with the unit cell material surrounded by an edge of base material silicon 
(width 2µm). 
3. Calculation of effective material parameters 
The corresponding properties of a continuous unit cell are calculated within a separate static simulation run. The 
perforation causes beside a lower effective density weaker elastic constants and a directional dependency as well. 
The calculation of the orthotropic material parameters requires a static simulation with four different load steps for 
the identification of the shear modulus components Gxy and Gxz as well as the Young’s Modulus components Ex and 
Ez and the corresponding Poisson’s ratio. The remaining components Gyz and Ey are covered by the symmetry of the 
quadratic perforation. The modulus components are obtained by a constrained deformation on one hand and the 
post-processing of the nodal reaction forces on the other hand. The nodal solution is used to prevent numerical 
errors in case of using directly the element solutions for strain and stress respectively. 
Using isotropic Silicon as material of the perforated mass with 
GPaGGPaE 69;22.0;169 === ν (1) 
results in an orthotropic material for the continuous plate with the following elasticity parameters: 
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To get the effective elasticity parameters of the substituted comb structures the base elasticity parameters are 
corrected by the fill factor of the comb structure (ratio of comb width to comb width plus gap).
4. Results 
Modal reference simulations for the base accelerometer model are done with ANSYS. The given accelerometer 
model is then transformed automatically in a model with continuous mass and comb structures by means a 
MATLAB function which reduces the number of FE model nodes by factor of five. 
Fig. 3: Modal analysis of first out-of-plane frequency with ANSYS (f=65.1kHz) 
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In MEMS+ perforated plates can be modelled by the library element rigid plate. The transformation of the rigid 
perforated plates into flexible plates with the effective material parameters and the surrounding edge with the base 
material parameter is done by a MATLAB function with respect to usability. 
Fig. 4: Modal analysis of first out-of-plane frequency after MOR with MEMS+ (f=69 kHz, quarter model).
The comparison of the modal analysis simulation results of the base accelerometer model (Fig. 3) and the 
reduced model with continuous flexible elements simulated in MEMS+ (Fig. 4) shows a good concordance. 
5. Summary 
The presented method permits an efficient and accurate mechanical modeling of inertial sensors with perforated 
masses. In case of using standard FE programs like ANSYS the number of model nodes can be reduced by the factor 
of five and results in a significant reduction of simulation time. The method expands the library based system level 
design tool MEMS+ by the modeling of out-of-plane modes of perforated structures. 
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